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A liposome composition is provided which contains a liposome having: (i) tin outermost lipid bilayer containing, in addition to a 
neu l Ml. IVd ay £r- preferring lipid, a rusicn-prornoting effective amount of an ionizable lipid having a protonataWc, cation ic hcadgroup and an 
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lipid In the ourcrmost lipid bilaynr and the second pH is xreater than the pK s of the ioniitable lipid in the outermost lipid bilayer, such 'dial 
there is A pH. gradient across thr. nnrcrmovt lipid bilayer and the inni/iible lipid is accumulated in the inner monolayer of die outermost lipid 
biiayer in response to The gradient. The liposome can he fused in a controlled manner to another lipid bilayer, for example. Qic plasma 
membrane Of a mammalian cell, by degrading trx pH gradient when fusion is to occur, such thai the iunizabie lipid is neutral, evenly 
distributed in the outermost lipid biiayer and, fusogenic. Controlled fusion can be used to control the delivery of a biologically cctivc agent 
entrapped in the liposome -into a cell. 
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HiSQ_ GENIC LIPOSOMES AMD METHODS OF MAKING AMD USING SAME 

5 This application is a continuation-in-pair of U.S. Serial No. 985.673, filed 

December 4, 1992 and Is directed to fusogenlc liposomes, methods of 
making such liposomes, and methods of controlling the fusion of the 
liposomes to other lipid bilayers. 

10 Liposomes are self-assembling structures comprising one or more 

bilayers of amphipathic lipid molecules each of which encloses an internal 
aqueous volume. The amphipathic lipid molecules which make up lipid 
bilayers comprise a polar (hydrophilic) headgroup region covaiently linked to 
one or two non-polar (hydrophobic) acyl chains. It is believed.. that the 

15 energetically unfavorable, contact between the hydrophobic acyl chains 
and the aqueous solution surrounding the lipid molecules causes them to 
rearrange such that the polar headgroups are oriented towards the aqueous 
solution while the acyl chains orient towards the interior of the bilayer. The ' 
net result is an energetically stable lipid bilayer structure comprising two 

20 opposing monolayers, in which the acyl chains are effectively shielded from 
coming Into contact with the aqueous medium. 

Liposomes may be produced by a variety of methods. Bangham's 
procedure (J. Mol. Biol. 13:238-252 (1965)) produces "ordinary" multilamellar 

is liposomes (MLVs). "Ordinary" MLVs can have unequal solute distribution 
amongst their aqueous compartments and thereby, osmotic stress between 
compartments. Lenk et al. (U.S. Patent Nos. 4,522,803, 5,030,453 and 
5. 169,637), Fountain et al. (U.S. Patent No. 4,588,578) and Culiis et al. (U.S. 
Patent No. 4,975,282) disclose methods for producing multilamellar liposomes 

3u having substantially equal distribution of an entrapped solute In each of their 
aqueous compartments, that is, substantially equcl Interlamellar solute 
distribution. Having substantially equal Interlamellar solute distribution means 
that there will be less osmotic stress amongst the aqueous compartments of 
these MLVs, which v/ill therefore generally be more stable than ordinary MLVs. 
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Urtlamellar liposomes con be produced from MLVs by sonication (see 
Paphadjopoulos et a!. (1968)) or extrusion (Cuilis et ai. (U.S. Patent No. 
5,008,050) and Loughrey et al. (U.S. Potent No. 5.059,421)). 

5 Liposomes can be loaded with bioactive agents passively, that Is, by 

solubliizing the molecule in the medium in which the liposomes are formed, in 
th6 case of. water-soluble agents, or adding lipid- soluble agents to the lipid 
solutions from which the liposomes are made, ionlzcble bioactive agents can 
also be loaded Into liposomes by establishing an electrochemical potential 

io gradient across the liposomal membrane and then adding the agent to the 
medium external to the liposome (see Bally et al., U.S. Patent No. 5,077,056). 

Drugs entrapped within liposomes can have an enhanced 
therapeutic index by reducing toxicity, increasing efficacy, or both. 
15 Furthermore, liposomes, like other particulate matter in the circulation, are 
taken up by phagocytic cells of the reticuloendothelial system in tissues 
having sinusoidal capillaries, and are thereby often directed to the sites of 
Intracellular Infections. 

20 Fusion of biological membranes is a key process In a variety of cellular 

transport functions. Including endocytosls. fertilization and the intracellular 
trafficking of proteins. Fusion of liposomes with cells is defined as the 
unification of the outermost bilayer of the liposome with the plasma 
membrane of the cell (see Huang (1983)). For fusion to occur, the lipids of 

25 the outermost lipid bilayer must mix with lipids of the cell's plasmc membrane. 
The proposed mechanism by which fusion occurs between lipid membranes 
involves neutralization of the charged headgroups. resulting in an effective 
change In the geometry of the lipid species producing nonbiiayer-preferring 
structures. These in turn give rise to micelles or other defects in the bilayer 

30 which act as nucleation sites for membrane fusion (Cuiiis ana Hope (1978)). 

Studies employing liposomes have demonstrated a correlation 
between the tendency of liposomes to fuse and the propensity of 
component lipids to adopt non-bilayer phases, such as the hexagonal H|| 
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phase, leading to the suggestion that non-bilayer structures, for example, 
Inverted micelles or other bilayer defects, are intermediary structures in fusion 
events (see, for example. Cullis et al. (1978)). Lipid composition is believed to 
contribute to the tendency of liposomes to adopt non-bilayer structures (see, 

5 for example, Martin and MacDonald (1976); Martin and MacDonaid (1976); 
Welsmann et al. (1977)). For example, membranes containing negatively 
charged phospholipids (for example, phosphatide acid (PA), 
phosphatidylserine (PS), era) have been shown to fuse in the presence of 
divalent cations such as Ca ++ (Hope et al. (1983)). Synthetic cationic lipids 

io have been shown to undergo fusion .using high concentrations of negatively 
charged counterions (Duzgunes et cl. (1989)). Unsaturated diglyceridos are 
also believed to be potent fusogens (Das and Rand (1986)). Furthermore, 
uncharged lipids are believed to be more readily able to adopt non-bllayer 
structures, and hence, to be more fusogenic, than are their charged forms 

15 (see, for example, Gruner et al. (1985)). 

Cationic lipids have proven useful in increasing the efficiency of 
mammalian cell transfectlon (see, for example, Malone ©t al. (1989); 
Konopka et al. (1991)), The extension of these applications to the in yjyo 

20 delivery of iiposomally encapsulated materials has encountered problems of 
celluiar toxicity, hemolysis and accelerated clotting responses caused by 
cationic lipids (Senior et al (1991)). These effects appear to occur above c 
threshold level of positive charge, and do not appear to be' largely 
dependent on the nature of the cationic species, Although, the Toxic effects 

25 of cationic species are being challenged by the synthesis of novel cationic 
head groups, they remain largely unsolved. The potential applications cl 
These lipids to targeted drug delivery make the reduction of the toxic side 
effects, by reducing cationic concentration, and the ability to control the 
fusogenic nature in vivo of these compounds, desirable. 

30 

Fusion belween vesicle populations bearing opposite charges has also 
been demonstrated (Stamafatos et al. (1988)). Controlled fusion of liposomes 
using induced lipid asymmetry has been previously addressed (Eastman ei al. 
(1991); Eastman et at. (1992); Redelmeier et al. (1990)). However, these 
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references are directed to the use of anionic tonizable lipids: the pH gradient 
used to transport the anionic lipid is the reverse of that for tne loading of 
* cctlonic drugs into liposomes (see Bally et al., U.S. Patent No. 5,077,056). 
Controlled fusion of these drug-loaded liposomes would be better served by 
5 an analogous fusogenic. cationic iipld. 

Fusion of liposomes with biological membranes can deliver the 
contents of the liposomes into cells. The injection of the aqueous content of 
liposomes into the cytoplasm has been shown by the fluorescence 

i» dequenching of carboxyfluorescein (Weinsteln et a!. (1977); Huang et al. 
(1978). Other reports have also shown that biologically active materials (for 
example. cAMP. ricin, actinomycin D, Ca + + mRNA, and viruses and viral 
genomes) Incorporated into liposomes can be introduced into the interiors of 
cells (see, for example, Paphadjopoulos et al. (1974); Dlmltriadls and Butters 

is (1979); Theoharides and Douglas (1978); Ostro et al. (1978); Dlmltrladis (1978); 
Wiison e; al. (1979); Frqley er al. (1980)) by way of fusion between liposomal 
lipid bilayers and cellular membranes. However, other studies suggest that 
fusion is not a major mechanism of liposomal interactions with cells (see, for 
example, Szoka et at. (1980); Hagins and Yoshikami (1982); Pagano and 

20 Takelchi(1977)). 

The contents of the above-cited publications are incorporated herein 
by reference. None of these publications disclose a liposome composition 
containing a liposome having ' an lonizable, cationic lipid and a 
25 transmembrane pH gradient nor do they disclose use of such a gradient to 
control the transbliayer distribution, and hence, fusogenic potential, of the 
lonizabfe lipid. 
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S UMMARY OF THE INVENTION 

This invention provides a liposome composition which comprises a 
liposome having: 0) an outermost lipid biiayer comprising a neutral, bilayer- 
5 preferring lipid and a fusion-promoting effective amount of an ionizoble lipid 
having c protonatabie, catlonlc headgroup and an unsaturated acyl chain; 
and 00 a compartment adjacent to the outermost lipid bllayer comprising an 
aqueous solution having a first pH. The composition also comprises an 
aqueous solution external to the liposome having a second pH, wherein the 
id first pH is less than the pK a of the ionizable lipid in the outermost lipid biiayer 
and the second pH is greater than the pK a of the ionizable lipid in the 
outermost lipid bllayer, whereby there is a pH gradient across the outermost 
lipid biiayer and whereby the ionizabie lipid is accumulated in the inner 
monolayer of the outermost lipid biiayer. 

15 

The liposome can be a unilamellar liposome; the unilamellar liposome 
is preferably a large unilamellar liposome. The liposome can also be a 
multilamellar liposome; preferably, the multilamellar liposome comprises a 
solute entrapped in its aqueous compartments, wherein the concentration of 
20 the solute in each of the aqueous compartments of the multilamellar 
liposome is substantially equal. The internal aqueous solution in the liposome 
is preferably an aqueous buffer, more preferably, an aqueous buffer having 
a pH of about 4.0. Preferably, the aqueous pH 4.0 buffer is a citrate buffer. 

25 The fusion-promoting effective amount of the ionizabie lipid Is typically 

an amount sufficient to establish a concentration of the ionizable lipid in the 
outermost lipid bllayer of the liposome of from about 1 mole percent of the 
ionizable lipid to about 20 mole percent; preferably within this range, the 
preferred fusion-promoting effective amount of the Ionizable lipid in the 

3u outermost lipid biiayer is an amount sufficient to establish a concentration of 
the ionizable lipid in the outermost lipid biiayer of from about 5 moie percent 
to about 1 0 mole percent of the ionizabie lipid. 
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The cotionic headgroup of the ionizable lipid Is preferably an amino 
group, and the unsaturated acyl chain is preferably an oleic acid chain. In a 
presently preferred embodiment of the inventioa the caficnlc headgroup is 
an amino group, the unsaturated acyl chain Is an oleic acid chain and the 
ionizable lipid is 1-N,N- dimethylamino dioleoyl propane (AL-1). The ionizable 
lipid can also be selected from the group consisting of ±-oieoyl-2-hydroxy- 3- 
KN-dlmethylamino propane (AL-2). asymmetric ±-1.2- dlacyl-3-MN- 
dimethyiamino - propane (AL-3-AL-5) and ±0,2-dldecanoyl- 1-N.N.- 
dimethylamino propane (AL-6). More preferably, presently, the Ionizable lipid 
is 1-N,N- dimethylamino dioleoyl propane (AL-1), 

The aqueous solution external to the liposome is an aqueous buffer 
having a pH which is greater than the pK a of the Ionizable lipid in the 
outermost lipid bilayer. Preferably, when the. ionizabi© lipid is AL-1, the pH of 
the external aqueous buffer Is about 7.5. The liposome can further comprise 
a neutral non-bilayer-pref erring lipid, for example. dioleoyl 
phosphatidyiethanolamine (DOPE). The liposome can comprise a 
biologically active agent, which Is typically a nucleic acid, an antimicrobial ' 
agent, 'an anticancer agent or an anti-inflammatory agent. The aqueous 
solution external to the liposome can be c pharmaceutically acceptable 
aqueous solution, and the liposome composition can be a pharmaceutical 
composition, 

This invention also provides a dehydrated liposome having an 
outermost lipid bilayer comprising a neutral, biiayer-preferrlng lipid and a 
fuslon^promoting effective amount of an ionizable lipid having c cotionic 
headgroup and unsaturated acyl chains, wherein the ionizable lipid is 
accumulated in the inner monolayer of the outermost lipid bilayer. 

30 Further provided herein is a method of controlling the fusion of a 

liposome to a second lipid bilayer. The method comprises preparing the 
liposome in an aqueous solution, wherein the liposome comprises: (1) an 
outermost iipid bilayer comprising a neutral bilayer-preferring lipid and a 
fusion-promoting effective amount of an ionizable lipid having " a 



20 



25 
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protonatable, cationic headgroup and an -unsaturated acyl chain; and (2) a 
compartment adjacent to the outermost lipid bilayer comprising the 
aqueous solution. Tne pH of the aqueous solution is iess than the pK a of the 
ionizable lipid In the outermost lipid bilayer. The pH of the aqueous solution 
5 external to the liposome is then raised above the pK a of the ionizabie lipid in 
the outermost lipid bilayer, thereby establishing a pH gradient across the 
outermost lipid bilayer. The ionizable lipid Is accumulated in the inner 
monolayer of the outermost lipid bilayer In response to the pH gradient. The 
pH gradient Is degraded when fusion of the liposome to the second lipid 
10 bilayer Is to occur, so that the liposome fuses to the second lipid bilayer. 

The liposome used in the method of this invention can comprise a 
biologically active agent which Is typically a nucleic acid, antimicrobial 
agent, anticancer agent or anti-inflammatory agent. The second lipid 
15 bilayer to which the liposome is fused in a controlled manner is preferably The 
plasma membrane of a cell, most preferably, the plasma membrane of a 
mammalian cell. 



20 



This invention provides a method of introducing a biologically active 
agent into a cell which comprises preparing a liposome comprising the 
agerit in an aqueous solution so that the aqueous solution Is Internal and 
external to the liposome. The liposome comprises an outermost lipid bilayer 
which comprises a neutral bllayerpref erring ilpld and an Ionizable lipid 
having a cationic headgroup and unsaturated acyl chains. The pH of the 
25 Internal aqueous solution is iess than the pKa of the ionizable lipid in the 
outermost Ilpld. bilayer. The pH of the external aqueous medium is increased 
above the pKa of the ionizable lipid in the outermost lipid bilayer so that there 
is a pH gradient across the outermost lipid bilayer and the ionizable lipid is 
then accumulated in the inner monolayer of the outermost lipid bilayer. The 
pH of the internal aqueous solution Is increased above the pKc of the 
ionizable lipid in the outermost lipid bilayer prior to contacting the cell with 
the liposome. Preferably, the cell is a mammalian cell 



30 
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BRIEF DESCRIPTION OF THE DRAWINGS 

FIGURE 1 . (A) Calibration of TNS fluorescence for EPC/Chol liposomes 
containing 0-10 mole % AL-1. X-axis: Mole % AL-1; y-axis: fluorescence. Error 
5 bars are smaller than symbols where not indicated. (B) Fluorescence traces 
showing the effect of a pH gradient and 10 mol9 % AL-1 on TNS fluorescence 
of EPC/Chol (55:45) liposomes. Liposomes were prepared with 0 mole % AL-1 
(lower traces) or 10 mole % AL-1 (upper traces), internal buffer was either 300 
mM citrate. pH 4.0 (lower traces) or 20 mM HEPES buffer. pH 7.5 (upper trace). 
10 x-cxis; Time (seconds); y-axis: fluorescence. 

FIGURE 2. Effect of pH on the fluorescence of EPC/Choi (55:45) Liposomes. 
Data shown represent mean vaiues from the duplicate experiments, and 
error bars are smaller than symbols where not otherwise indicated, The 
15 dashed line is the Inverted first derivative of the titration curve and Its 
maximum Indicates a pKq of 6.7 for AL-1 in the lipid bliayer. x-axis: pH; y-axis: 

%AF/AF mQX . 

FIGURE 3. Effect of 0 and 10 mole % AL-1 on the fusion of EPC/Chol (55:45) 
20 liposomes and EPC/DOPE/Chol (30:25:55) liposomes by RET fluorescent probe 
dilution. Data shown are different traces of runs with, and without, dissipation 
of the pH gradient where AF max was determined by the addition of Triton X- 
100 to a final concentration of 0.8 mM. x-axis: time (seconds); y-axis: 
fluorescence. 

25 

FIGURE 4. Effect of AL-1 Concentration (0-20 Mole %) on Fusion of 
EPC/Choi (55:45, mole/mole) Liposomes by RET Fluorescent Probe Dilution, x- 
axis: Time (seconds); y-axis: fluorescence. 

30 FIGURE 5. 2 H . NMR spectra Q f MLVs prepared with 10 mole % AL-l-d 4 in 
EPC/Chol (55:45) in 100 mM ammonium acetate at pH 4.0 and pH 7.5, x-axis; 
Frequency (kHz). 
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FIGURE 6. Effect of DOPE Concentration on Fusion Rates of Liposomes 
Containing AL-1, Fusion assays were carried out as described above, x-axis: 
Time (seconds); y-axis: %AF/AF max , 

5 FIGURE 7. Fusion of Liposomes Consisting of 0 and 5 mote % AL-1 and 
EPC/Chol/DOPE (35:20:45, mole/mole), x-axis: Time (seconds); y-axis: ; %aF/a 
f max- 

FIGURE 8. A: 2 H -NMR (x-axis: frequency (kHz)), B: 31p-NMR (x-axis: 5/ppm) 
10 spectra of freeze-thawed MLVs prepared with 5 mole % AL-l-d 4 in 
EPC/DOPE/Choi Liposomes, buffered with 20 mM HEPES, 20 mM sodium 
acetate, 150 mM NaCI, at pH 4.0 and pH 7.5. 

FIGURE 9. Effect of Aminoiipid Structure on Fusion of EPC/Ci?ol/DOPE 
15 (35:20:45) Liposomes by RET Fluorescence Probe Dilution. Traces (uppermost - 
lowermost): AL-1. AL-5, AL-4. AL-3, AL-6, AL-2 and blank, x-axis: Urne 
(seconds); y-axis: %AF/AF mdx . 



20 



25 
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FIGURE 10. Synthetic Aminoiipid Structures, 



DETMETLPESCRIFTION pp THE INVENTION 

This invention provides a liposome composition which comprises a 
liposome having: (I) an outermost lipid bilayer comprising a neutral, non- 
biiayer-preferring iipid and a fusion-promoting effective amount of an 
ionizabie lipid comprising a protonatable. catlonic headgroup and an 
unsaturated acy! chain; (n) a compartment adjacent to ihe outermost lipid 
bilayer which comprises an aqueous solution (the "internal aqueous solution") 
having a first pH. The composition also comprises an aqueous solution 
external to the liposome having a second pH. The first pH is less than the P Ka 
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of the ionizable lipid in the outermost lipid bflayer end the second pH is 
greater than the pKa of the ionizable lipid in the outermost lipid bilayer, 
whereby there is a pH gradient across the outermost lipid bilayer, and the 
Ionizable lipid is accumulated in the inner monolayer of the outermost lipid 
5 bilayer in response to the pH gradient.. 

Liposomes are self-assembling structures comprising one or more iipld 
bilayers. each of which surrounds a compartment comprising an aqueous 
solution. Each bilayer of the liposome is formed by the association of 
10 amphipathic lipid molecules such that their polar, hydrophllic headgroups 
are oriented towards the surrounding aqueous solution while the 
hydrophobic acyl chains are oriented towcrds the interior of the bilayer. and 
away from the surrounding aqueous phase. Consequently, lipid bilayers 
have both inner and outer monolayers of lipid molecules. 

15 

A unilamellar liposome has one lipid bilayer; multilamellar liposomes 
have more than one lipid bilayer. The liposome used in the liposome 
composition of this Invention can be a unilamellar liposome, preferably, a 
large unilamellar liposome (LUV). An LUV is a unilamellar liposome having a 

20 diameter of greater than about 50 nm. The liposome can also be a 
multilamellcr liposome (MLV), preferably, the MLV comprises a solute 
entrapped in Its aqueous compartments, wherein the concentration of the 
solute in ecch of the aqueous compartments is substantially equal. Such 
MLVs have substantially equal Interlamellar solute distribution, Typically, the 

25 liposomes of this Invention have sizes, as measured by their diameters, of 
about 5000 nm or less. Liposome size can be determined by techniques, for 
exampie, quasi-electric light scattering, that are welt known to ordinarily 
skilled artisans and are readily practiced by them. 

so The "outermost lipid bilayer" of c unilamellar liposome is the single lipid 

bilayer of the liposome; in a multilamellar liposome, the "outermost lipid 
bilayer" Is the lipid bilayer in contact with the aqueous solution external to the 
liposome (the "external aqueous solution"). Liposomes can be prepared by a 
variety of methods (see, for example, Cullis et al. (1987), Bangham et cl. 
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(1965). Lenk et al. (U.S. Potent Nos. 4.522803. 5.030.453 and 5.169.637). 
Fountain et a!. (U.S. Patent No. 4.588.578) and Cullis et a!, (U.S. Patent No 
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The liposome has an outermost lipid bilayer which comprises a neutral, 
bilayer-preferring lipid comprising a neutral (uncharged, non-cafionic/non- 
anlonlc. nonprotonatable) headgroup and bilayer-preferring acyl chains. 
These acyl chains, which can be symmetric or asymmetric (of unequal 
length, or number of carbon atoms), saturated (no doubie bonds between 
adjacent carbon atoms) or unsaturated (one or more double bonds 
between adjacent carbon atoms), are believed to Inhibit or prevent phase 
separation of nonbilayer-preferring lipids in the bilayer. generally by adopting 
compatible acyl chain packing with the acyl chains of the other lipids 
incorporated in the biiayer. Bllayer-preferring lipids can form stable lipid 
bilayers on their own. as well as in connection with other bilayer-preferring 
lipids and with nonbilayer-preferring lipids. Bllayer-preferring lipids generally 
have a substantial similarity between the surface areas of their headgroups 
and the cross-sectional area of their acyl chains. The acyl chains of bllayer- 
preferring lipids generally are in about parallel orientation with respect to 
each other In bilayers. Bllayer-preferring lipids generally adopt bilayer- 
compatible structures, and generally are not involved in establishing bilayer 
defects. The neutral bilayer-preferring lipid can be a phosphatidylcholine, 
such as egg phosphatidylcholine, or other neutral, bllayer-preferring lipids. 

The outermost lipid bilayer of the liposome also comprises a fusion- 
promoting effective amount of an ionrzable lipid having a protonatable. 
cationic headgroup. that \s, a headgroup which can accept a proton, and is 
then positively charged, and which can give up the proton such that is 
neutral. The ionizable ilpid olso comprises an unsaturated acyl chain, 
preferably, two unsaturated acyl chains. The cationic headgroup is 
preferably an amino group such as a dimethylamino or trlmcThvlamino 
group, but can also be other groups which can be prctonated. and 
positively charged, and deprotonated, and neutral. 
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The unsaturated acyl chain is generally ncnbllayer preferring. 
Nonbllayer-preferring acyl chains generally do not adopt conformations in 
bilayers In which the chains are in parallel orientation.- The cross-sectionai 
areas of such acyl chains typically, and uniike bilayer-preferring acyl chains, 
5 are not equcl to each other and to the headgroup surface area, because, it 
is believed, of their non-paralle! orientation. Bilayers containing nonbilayer- 
preferring acyl chain-containing lipids generally exhibit a lower T m or 
temperature at which the transition from the gel to fluid state occurs, in 
comparison ro bilayers containing bilayer-preferring acyl chain lipids of the 

10 same length (number of carbon atoms). It is believed that incorporation of 
nonbilayer-preferring lipids into bilayers generally Increases the tendency of 
the biiayer to form defects and to have less stability than if bilayer-preferring 
lipids were used. Such defects are generally believed to be Involved in the 
fusion of lipid bilayers. Without intending in any way to be limited by theory, it 

15 is believed that biiayer demobilization, and hence, fusion, requires a 
substantial imbalance between the size of the headgroup of the fusogenic 
lipid and the size of area occupied by Its acyl chains. 

Preferably, the unsaturated acyl chains are oleic acid chains, which 
20 aro acyl chains having eighteen carbon chains having a double bond 
between the ninth and tenth carbon atoms, However, the unsaturated acyl 
chains can be other acyl chains as well, such as those typically having 
between 12 and 24 carbon atoms and 1-4 double bonds, for example, 
palmlioleate (16 carbons/1 double bond) or arachidoncte (20 carbon 
25 atoms/4 double bonds) chains, as long as these generally anchor the lipid in 
the biiayer and are non-biiayer-preferring. Preferably, the catlonic 
headgroup is an amino group, the unsaturated acyl chain is an oleic acid 
chain, the ionizable lipid comprises two such chains, and is 1-N.N- 
dimethyiamino diclooylpropane (AM). The AM can be optically active or 
30 racemlc. that is. an optically inactive mixture of isomers; preferably, the AL-1 
is racemic. 

Other suitable ionizable lipids are those with titratable headgroups, 
that is, headgroups which do not have a permanent positive charge, but 
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rather, headgroups which can be protonated and deproionatec in response 
to changes in the surrounding pH, end non-bilayer preferring acyl chains. 
These include, but are not limited to: ' i-oleoyl-2-hydroxy-3-N,N- 
dimethylaminopropane (AL-2), asymmetric ±-l,2-diacyi-3-N,N- 
5 dimethylaminoprbpane (AL-3-AL-5) and =-].2-didecanoyH-N.N.-dimethyl 
aminopropane (AL-6). The fusogenic capacity of each of these lipids can be 
compared, for example, by preparing liposomes with the same amount of 
each of the lipids and then comparing the relative rates of fusion of the 
liposomes. Liposome fusion can be monitored by a number of means, for 
10 example, by fluorescent probe dilution experiments (see, for example 
Example A hereinbelow). Figure 9 presents data comparing the relative 
fusion rates of liposomes containing the ionizabie lipids AL-1. Al-2, AL-3, AI.-4 
AL-5 and AI_h6. 

15 The liposome has a compartment adjacent to its outermost lipid 

biiayer which comprises an aqueous solution (the "internal aqueous solution") 
having a first pH. The liposome is suspended in an aqueous solution (the 
"externcl aqueous solution*) having a second pH. Typically, the liposome is 
prepared in an aqueous solution, which is both entrapped by the liposome, 

20 and in which the liposome is suspended. Accordingly, the internal and 
external aqueous solutions generally Initially have the same composition, and 
also, the same pH. Their pH is less than the pKc of the ionizabie lipid in the 
liposome's outermost lipid biiayer. 

25 A compound's pK a , that is, its acid dissociation constant, is the pH at 

which the compound is half-dissociated, that is, the pH at which about half of 
the molecules of the compound present in solution are deprotonated. pK a 
can be defined by the formula: log «HA)/(H+) (A-)), where HA is the 
profoncted compound and A" is the deprotonated compound. The 

30 Henderson-Hasselbach equatin (pK = pK a + log <(A-)/HA») describes the 
relationship between the pH of a solution and the relative concentrations of 
the protonated and deprotonated forms of a compound present in solution. 
At a pH greater then its pK G In a lipid biiayer, more than half of the ionizabie 
lipid present in the biiayer will be deprotonated, and hence, neutral. 
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Determination of an ionizable lipid's pKa can be accomplished by well known 
and readily practiced means, for example, by TNS fluorescence titrations. 

The ionizable lipid is substantially protonated when the pH of both the 
internal and external aqueous solutions are less than its p Kq in the bilayer. 
and is generally about evenly distributed belween the inner and outer 
monolayers of the outermost lipid bilayer. that is. about 50% of the ionizable 
lipid present is in the inner monolayer, and 50% is in the outer monolayer. 

A pH gradient is established across the outermost lipid bilayer by 
increasing the pH of the external aqueous solution so as to obtain an external 
aqueous solution with a second pH which is greater than The first pH, and is 
greater than the pK a of the ionizable lipid in the bilayer. The protonated. 
charged ionizable lipid is accumulated in the inner monolayer of the 
outermost lipid bilayer in response to the pH gradient. "Accumulate." as usee 
herein, means that greater than about 50% of the ionizable lipid present in 
the outermost bilayer is in its inner monolayer when there is c pH gradient 
across the bilayer; preferably, between about 75% and about 100%, more 
preferably, between about 90% and about 100%. and most preferably, about 
100% of the protonated ionizable lipid Is in the inner monolayer in response to 
the pH gradient. 



For example, in a preferred embodiment of the invention, the ionizable 
lipid is AL-1. Liposomes can be prepared with AL-1 and. for example, egg 

25 phosphatidylcholine (EPC) and cholesterol (Choi), or EPC, Choi and dioleoyl 
phosphatidylcholine (DOPE). As EPC. Choi and DOPE are neutral lipids, the 
• pK a of AL-1 in EPC/Chol or EPC/Chol/DOPE bilayers is about 6.7. Accordingly, 
the first pH. the pH of the internal aqueous solution, is less than 6.7 in 
connection with AL-1 /EPC/Chol or AL-1 /EPC/Chol/DOPE liposomes; 

m preferably, the first pH in connection with such AL-1 containing liposomes is 
about 4.0. Typically, the internal aqueous solution is an aqueous buffer; 
presently, the preferred aqueous buffer is a citric acid buffer. 
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The second pH, that is, the pH of the external cqueous solution, is 
greater than 6.7 when the liposome comprises AL-l/EPC/ChoI cr AL- 
1/EPC/ChoI/DOPE; preferably, the second pH is about 7.5. However, 
incorporation of other lipids into AL-1/EPC/Chol or AL-l/EPC/Chol/DOPE 
5 liposomal bilayers can affect the pKa of AL-1 therein, lonizable lipids other 
than AL-1 can have different pKa's than AL-1. Accordingly, the first ana 
second pH's may vary from the preferred pH values when tne composition of 
the liposome is altered. 

10 When the first pH is less than the ionizable lipid's pKa in the outermost 

iipid biiayer, the second pH is greater than the pKa and the lonizable lipid is 
accumulated In the Inner monolayer of the outermost lipid biiayer, the 
positive charge of the ionizable lipid is substantially absent from the outer 
- monolayer, and is shielded from exposure tc the external environment. When 

15 administered to animals, positively charged lipid can cause toxic side effects 
end can promote opsonization, the binding of plasma proteins to the 
liposome's outer surface, thereby promoting clearance of liposomes from the 
animal's circulation. Accumulating the positive charge in the inner 
monolayer minimizes the potential for toxic side effects and for opsonization. 

20 

Furthermore, the pH gradient which induces the ionizable lipid to 
accumulate in the inner monolayer can also be used to load cationic, 
lipophilic biologically active agenis, for example, the anthracyciine 
antineoplastic agent doxorubicin, into the liposomes (see, for example, Bally 
25 et cL U.S. Patent No, 5,077,056, the contents of which are incorporated 
herein by reference)). 

Degradation of the pH gradient leads to an increase of the internal pH 
above the ionizable lipid's pKq. This leads to substantial deproronaiion of the 
30 accumulated ionizable lipid. The substantially deprotonated, neutrci 
ionizable lipid is then about evenly distributed between the inner and outer 
monolayers of the outermost lipid biiayer. The neutral ionizable lipid is 
"fusogenic" when exposed, in the outer monolayer, to other lipid bilayers, that 
is, it can promote the fusion of the liposome to the other lipid bilayers. Using 
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an bnizable lipid having a pK a in the bilayer which Is less than about 7 means 
that the pH gradient can be degraded at physiological pH, for example, in 
an animal, such that the bnizable lipid Is substantially deprotonated and 
fusogenic. The internal pH of the liposome does not generally need to be 
raised above physiological pH to induce substantial deprotonation of the 
ionizabie lipid, lonizable lipid's having pK a 's substantially above physiological 
pH may not be fusogenic when administered to animals as they may not be 
substantially deprotonated in the animal, 

The ionizabie lipid Is present in the outermost lipid bilayer in a "fusion 
promoting effective amount." Fusion of liposomes with other lipid bilayers can 
be defined as fusion of the outermost lipid bilayer of the liposome with the 
other lipid bilayer, for example, a cell membrane (see. for example, Huang 
(1983)). For fusion to occur, the lipids of the outermost lipid bilayer must mix 
with the lipids of the other lipid bilayer. Without intending in any way to be 
limited by theory, it is believed that for fusion to occur, the charged 
headgroups on lipids have to be neutralized, resulting in an effective change 
in the geometry of the lipids, which gives rise to ncnbllayer-preferring 
structures. 

' For the purpose of this invention, a "fusion-promoting effective 
amount" of an ionizabie lipid Is an amount of the bnizable lipid effective to 
promote fusion of the liposome to another lipid bilayer when the lonizable 
lipid is deprotonated and neutral. Fusion-promoting effective amounts of an 
ionizabie lipid are generally effective to form a sufficient degree of defects in 
a bilayer to promote fusion of the bilayer to another bilayer. Typically, the 
"fusion promoting effective amounf of the ionizabie lipid is an amount 
sufficient to establish a concentration of the ionizabie lipid in the outermost 
lipid bilayer of from about 1 mole percent to about 20 mole percent. 
Desirably, the fusion-promoting effective amount of the ionizabie lipid is an 
amount sufficient to establish a concentration of the ionizabie lipid in the 
outermost lipid bilcyer of between about 5 mole percent and about 10 mcfe 
percent 
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The liposome can also comprise a neutral nonbilayer-preferrlng lipid. 
As used herein, a "neutral, nonbilayer-preferrlng lipid" is an amphipathic lipid 
having a non-cafionlc. non-anionic headgroup and nonbilayer-preferring 
acyl chains. Nonbllayer preferring acyl chains generally are not arranged in 
parallel orientation In bilayers. and generally do not have similar areas 
occupied by their headgroup surfaces and a cross-section of their acyi 
chains. The most favorable packing conformation for such acyi chains is 
generally in non-bilayer structures. Bilayers containing nonbilayer-preferrlng 
lipids generally exhibit a lower T m . or temperature at which the transition from 
the gel to fluid state occurs, in comparison to bilayers containing bilayer- 
preferrlng acyl chain lipids of the same length (number of carbon atoms). 
Accordingly, nonbilayer preferring lipids generally facilitate a bilayer's 
transition from the gel to the fluid state, and thereby generally accelerate 
fusion of the bllayer to another bllayer. m a presently preferred embodiment 
of the invention, the neutral, nonbilayer-preferring lipid Is dioleoyl 
phosphatidylethanolamine (DOPE). 



The liposome can also comprise proteins and ether lipids, for example, 
cholesterol and Its derivatives, incorporated into the liposome in amounts. 
20 and for reasons, well known to ordinarily skilled artisans, or readily 
determinable by them without undue experimentation. 

The liposome can comprise a biologically active agent, a term that 
includes traditional pharmaceuticals, and related biologically active 
compounds or compositions of matter, having biological activity in an animal 
or on an animal's ceils Jn vitro. Bioactive agents include, but are not limited 
to: antibacterial agents, antiviral agents, antifungal agents, antiparasitic 
agents, tumoricidal agents, anti-metabolites, carbohydrates, polypeptides, 
peptides, proteins, toxins, enzymes, hormcnes, neurotransmitters, 
glycoproteins. lipoproteins. immunoglobulins, Immunomodulators 
vasodilators, dyes, radiolabels. radlo-opaque compounds, fluorescent 
compounds, polysaccharides, cell receptor binding molecules, anti- 
inflammatory agents, mydriatic compounds, local anesthetics, narcotics. 
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anti-giaucomic agents, vitamins, nucleic acids, polynucleotides, nucleosides, 
nucleotides. MRl and radio contrast agents. 

The liposome composition can be administered to animals, preferably 
5 mammals, and more preferably, humans, to deliver biologically active 
agents entrapped in. or associated with, the liposome to the cells ot the 
animal. When the composition is administered to animals, the external 
aqueous solution is tolerable, that is, substantial non-toxic, to the cnimais; 
accordingly, the external aqueous solution is a pharmaceutical acceptable 

10 solution or "carrier". Pharmaceutlcally acceptable carriers are generally 
selected with regard to the intended route of administration and standard 
pharmaceutical practice. For parenteral administration or injection via 
intravenous, intraperitoneal, intramuscular, subcutaneous, or intra-mammary 
route, sterile solutions of the liposome composition are prepared; the total 

15 concentration cf solutes may be controlled to render the preparation 
isotonic. Typical carriers used for parenteral administration include, but are 
not limited to, aqueous dextrose-containing solutions such as D5W (5% weight 
by volume dextrose In water) and physiologically acceptable saline solutions. 
Pharmaceutical^ acceptable carriers can also Include alcohols, gum 

20 arabic. benzyl alcohols, gelatin, carbohydrates, such as lactose, amyiose or 
starch, magnesium stearate, talc, silic acid, hydroxy methylcellulose, polyvinyl 
pyrrolidone, and the like. They can also contain components, for example, 
. preservatioves, antioxidants, and the like. In amounts, and for reasons, well 
within the purview of the ordinarily skilled artisan to determine. 

25 

This invention also provides a dehydrated' liposome having on 
outermost lipid bilayer comprising a neutral, non-bllayor-preferring lipid and a 
fusion-promoting effective amount of an lonizable lipid having a 
protonctable, cationlc headgroup and an unsaturated acyl chain, wherein 
30 the lonizable lipid is accumulated in the inner monolayer of the outermost 
lipid bliayer. Liposomal dehydration can encb!© the liposomes to be stored 
for extended periods of time; dehydrated liposomes can then be 
reconstituted on an as-needed basis. Uposomes can be dehydrated, with 
freezing, using standard freeze-drying equipment, or its equivalents. Freeze- 
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dr/lng is preferably corned out after incorporating one or more protective 
sugars Into liposome preparations in accordance with the procedures 
described In Schneider et al, (U.S. Parent No. 4,229,360) and Janoff et al., (U.S. 
Patent No. 4880,635), the contents of which are incorporated herein by 
reference). The protective sugar can be omitted if the dehydration is 
conducted without freezing, and sufficient water is left remaining In the 
liposomal preparation to maintain the integrity of a substantial portion of the 
liposomal bilayers through the dehydration-rehydration process. 

This invention provides a method of controlling the fusion of a liposome 
to a second lipid bllayer which comprises preparing the liposome, in an 
aqueous solution , wherein the liposome comprises an outermost lipid bllayer 
comprising a neutral, bilayer-preferring lipid and a fusion-promoting effective 
amount of an ionizable lipid having a protonatable. catlonlc headgroup and 
an unsaturated acyl chain. The liposome also comprises a compartment 
adjacent to the outermost lipid bllayer which comprises the aqueous solution. 
The pH of the aqueous solution Is less than the pKq of the ionizable lipid in the 
outermost lipid bilayer. The pH of the aqueous solution external to the 
liposome Is then increased above the pK a of the Ionizable lipid in the 
outermost lipid bilayer. so that there is a pH gradient across the outermost 
lipid bllayer and the ionizable lipid is then accumulated in the inner 
monolayer of the outermost lipid bilayer in response to the pH gradient. The 
PH of the internal aqueous medium is increased above the pK a of the 
ionizable lipid in the outermost lipid bilayer when fusion of the liposome to the 
second lipid bilayer is to occur. The liposome can be a unilamellar liposome, 
preferably a large unilamellar liposome, or a multilamellar liposome, 
preferably a multilamellar liposome having substantially equal inrerlamellar 
solute distribution. The second lipid bilayer is preferably the plasma 
membrane of a ceil, which is preferably a mammalian cell. However, the 
second lipid bilayer can also be other lipid biiayers, such as a liposomal lipid 
bilayer or the cell membrane of a bacteria. The pH of the external aqueous 
solution is generally raised by adding a sufficient amount of a base to the 
aqueous solution to obtain the desired pH. or by exchanging the external 
aqueous solution for a second aqueous solution having the desired pH. 
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The ionizabie lipid is present In the outermost lipid bliayer in a fusion 
promoting effective amount," that is. an amount effective to promote fusion 
of the liposome to a second lipid biiayer. Typicaliy, the "fusion promoting 
effective amount" of the ionizabie lipid is an amount sufficient to establish a 
5 concentration of the ionizabie lipid In the outermost lipid biiayer of from 
about 1 mole percent to about 20 mole percent. Preferably the fusion- 
promoting effective amount of the ionizabie lipid is an amount sufficient to 
establish a concentration of the ionizabie lipid in the outermost lipid biiayer of 
from about 5 mole percent to about 10 mole percent. 

10 

When fusion of the liposome to o second lipid biiayer is desired the 
liposome's Internal pH is raised above the ionizabie lipid's pK a in the biiayer 
such that the pH gradient is degraded, The protonated/chargcd Ionizabie 
lipid accumulated In the inner monolayer of the outermost lipid biiayer is 

15 substantially deprotonated when the pH of the internal aqueous solution 
adjacent to the biiayer rises above the lipid's pKa in the biiayer. The 
substantially deprotonated/neutral ionizabie lipid is then about evenly 
distributed in the outermost lipid biiayer, that is, about 50 percent is in the 
inner monolayer and about 50 percent is in the outer monolayer. The 1 neutral 

20 lipid In the outer monolayer can promote fusion to other lipid .bilayers. The pH 
gradient can be degraded by administering the liposome composition to an 
animal and allowing the gradient to gradually dissipate in the animal as 
protons stored In the liposome leak Info the external environment. As the 
liposome's internal pH approaches physiological pH Ionizabie lipids with pK Q 's 

25 less than physiological pH are substantially deprotonated. pH gradient 
degradation can also be accomplished the use of icnophores, for example, 
nlgericia which facilitate the transport of ions across lipid bilayers, or by the 
addition of ions, for excmple, ammonium Ions, which can cross lipid bilayers 
in their neutral form, When the internal pH is raised above its pK a , the 

30 charged ionizabie lipid is substantially deprotonated; the neutral lipid is 
distributed about evenly between the inner and outer monolayers of the 
outermost iipid biiayer. 
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The liposome used in the method of this invention con comprise c 
biologically active agent. The second lipid bilayer to which fusion of the 
liposome is controlled Is preferably the plasma membrane of a cell- 
preferably, the cell is a mammalian cell. Preferably fusion of the liposome to 
the piasma membrane of the mammalian cell occurs Inside the memmel 
that is, jn yjvQ, Typically, fusion occurs such that the contents of the liposome 
are delivered to the cytoplasm of the mammalian cell. 

- Also provided herein is a method of introducing a biologically active 
agent Into a cell preferably a mammalicn cell which comprises preparing a 
liposome comprising the biologically active agent In an aqueous solution, 
wherein the liposome comprises an outermost lipid bilayer comprising a 
neutral bllayer-preferring lipid and a fusion-promoting effective amount of 
an ionizable lipid having a protonatable, cationic headgroup and an 
\5 unsaturated acyl chain. The aqueous solution, which has a pH less than the 
pK a of the ionizabie lipid in the outermost lipid bilayer. Is both entrapped by 
the formed liposome, and surrounds the liposome. The liposome also 
comprises a compartment adjacent to the outermost lipid bilayer which 
comprises the aqueous solution. The pH of the aqueous solution external to 
20 the liposome is then increased above the pK Q of the iontable lipid in the 
outermost iipid bilayer, so that there is a pH gradient across the outermost 
lipid bilayer and the Ionizable lipid is accumulated in the inner monolayer of 
the outermost lipid bilayer in response to the pH gradient. The pH gradient is 
then degraded, for example, by administering the liposome to an animal or 
25 by using an ionophore. when fusion of the liposome tc the cell is to occur. 
The cell Is then contacted with the liposome so that the liposome fuses to the 
cell whereby the biologically active agent is introduced into the cell. 

This invention will be better understood from the following examples. 
3n However, those of ordinary skill in the art will readily understand that these 
Examples are mereiy illustrative of the invention as defined in the claims 
which follow thereafter. 
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EXAMPLES 

Example 1 

3 lipids and Chemicals 

Egg phosphatidylcholine (EPC), dioleoyl phosphaticylethanclamlne 
(DOPE), N- (7- Nitro- 2.1,3- benzoxydlazol- 4- yO- 1.2- dioleoyl- sn- phosphatidyl 
ethanolamine (NBD-PE) and N-(lissamine rhcdamine B sulphonyl)- 1,2-dioleoyi- 
s/>phosphatidylethanolamine (Rh-PE) were obtained from Avanti Polar Lipids 
(Alabaster. AL). Oleic acia cholesterol (Choi), nigertcia potassium 2-r> 
toluidinylnapfhalene-6-sulphonate (TNS), and all buffers, were obtained from 
Sigma Chemical Co. (St. Louis, MO). 3-A/,/V-Dimethylamino-L2-propanediol 
and oxaiyl chloride were purchased from Aldrich Chemical Co. (Milwaukee, 
Wl), and 9,10-d2-oleic acid was supplied by MSD Isotopes (Montreal, PQ). 
Organic solvents were all HPLC grade, and were used without redistillation. 

Synthesis of A I -1 

This compound was prepared according to the method of Levantis 
and SIMus (1990). Oleyl chloride was prepared by slowly adding 3 ml (35 
mmol) of oxolyi chloride to 1.0 g (3.5 mmol) oleic acid dissolved in 10 ml 
benzene without stirring at room temperature for 1 hour. After removal of 
solvent and excess oxaiyl chloride under vacuum, the acid chloride was 
25 dissolved In 5 ml diethyl ether, and a further 5 ml of ether containing 0.20 g 
(17 mmol) of 3,/V,<fimethy1amlno-l,2-propanediol and 0.15 g pyridine was 
added. The resulting mixture wcs stirred at room temperature for 30 minutes 
before quenching with 1 ml methanol. Solvents were removed under 
vacuum. The crude product was dissolved in 50 ml hexane and washed with 
30 2x 25 mi 0.1 M sodium chloride. Drying over anhydrous sodium sulfate, and 
removal of hexane under vacuum gave a slightly yellow oil. Column 
chromatography on siiica gel (70-230 mesh), wherein elution was with ethyl 
acetate, gave 0.92 g (84%) of pure product (TLC, Rf = 0.5). 200 MHz 1H-NMR 
(CDC13), 8 ppm from TNS (J^coupling, Integration): 5.3 (c'd. 4H), 5.1 (m, 1H), 4.0 



10 



15 



-22- 



To: Linda Orr 



From: ReedFax Inforaation Service(to) 



12-29-2800 5:11pm p. 26 of 48 



WO !>S/2747S 



PCT/US94/03996 



10 



15 



(dd lh). 2.4 «Jd. 2H), 2.2 (s, 6H). 2.00.8 (m. 62H). This procedure was also 
used to prepare the deuterated analog roc-l-WAkiimethylamho-2.3- 
bis(9J0-dideuteriooleoyl)propane (AL-l-d^ and ?- 1 , 2-didecanoy i- 1 -N, N, - 
dimethyl aminopropcne (AL-6). 

SvnThft,^ Of ±-oleov(-2-hvdroyv-.VNN-dirn^thy | am inoDroDane fAL-2^ and 
Asymmetric i-l^-diacvl-a-N.N^irnfithy iaminoDroi^nfl rAi -R- aut) 

Oleoyl chloride (3.4 rnmoles). prepared cs described above, was 
dissolved in 5 mi THR and added to a five-fold excess of 3-N.N- 
dimethylamino-l,2-propanedlol (2.0 g, 17 rnmoles) and 0.15 g pyridine in 25 
ml THF at 0 deg. C. Crude l-monooleoyl-2-hydroxy-3-N,N-dimethylGmlno 
propane (AL-2) was isolated, and purified by column chromatography on 
silica gel using ethylacetate/methanol (3:1) as eluent (R f 0.4). Subsequent 
acylation with one equivalent of acetyl chloride, butyryl chloride or decanoyl 
chloride, with reaction conditions produced AL-3. AL-4 and AL-5, 
respectively. 
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30 



Preparation of LUN/s 

Liposomal liposomes were prepared according to known methods by 
drying chloroform solutions of lipids under nitrogen, followed by removal of 
residual solvent under high vacuum for one hour. The resulting lipid films were 
hycrated by vortex-mlxir.g with appropriate buffers to produce multilamellar 
liposomes (MLVs). Five freeze-thaw cycles were used to achieve 
homogeneous mixtures. The MLVs were extruded ten times through two 100 
nm pore-size polycarbonate filters to produce large unilamellar liposomes 
(see, for example. Bally et al., U.S. Patent No. 4,885,172; Cuflis et al., U.S. 
Patent No. 4975.282; Cullis et al., U.S. Patent No. 5,008,050: Loughrey et al.. 
U.S. Patent No. 5,059.421). 
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Exompl 2 



Determination of Upid A symmetry hv TNS Fliiomsranng 



10 



The transport of AI.-1 to the inner monolayer of liposomes was 
demonstrated by TNS fluorescence using a procedure adopted from 
Eastman et ol. (1991). The fluorescence of TNS as a function of AL-1 
concentration was first calibrated using LUVs containing 0. 2.5. 5.0. 7.5 and 
10.0 mole % AL-1 In EPC/Chol (55:45). 5 mM total lipid, in 20 mM HEPES. 150 
mM NaCl. pH 7.5. Allquots of 90 nl were added to 2.9 ml of 20 mM HEPES. 150 
mM NaCl. 5 nM TNS. pH 7.5. and fluorescence was monitored over 5 minutes. 
Liposomes prepared with 10 mole % AL-1. Internal pH 7.5. as described 
above, were also used for comparison. 



20 



Results are presented in Figure 1. The effect of a pH gradient on the 
transbilayer distribution of AL-1 was demonstrated by monitoring the surface 
charge of AL-1 -containing liposomes, by TNS fluorescence, after the 
imposition of a pH gradient. For concentrations of 0-5 mole % AL-1, a steady 
increase In fluorescence was seen as surface charge increased (see Figure 
1A). However, at higher concentrations, the fluorescence levels off and 
begins to decrease. This effect was not observed with liposomes containing 
AL-1 In EPC without cholesterol, where fluorescence increcses linearly for up 
to 20 mole % AL-1. This was an eariy indication that liposomes containing 10 
mole % AL-1 in EPC/Chol (55:45) are aggregated, giving decreased liposomel 
25 surface area for TNS interaction. 

The effect of a pH gradient on TNS fluorescence with 10 mole % AL-1 in 
EPC/Chol (55:45) Is illustrated in Figure IB. The curve at the top of the figure 
gives fluorescence as a function of time in the absence of a gradient 
internal and external pH 7.5, with 10 mole % AL-1 . The bottom curve is for c 
vesicle, Internal pH 4 and external pH 7.5. but withoul AL-1. The siow 
decreases in fluorescence observed in these curves Is a result of 
photobieaching of TNS during the course of the experiments. The remaining 
curve shows that for 10 mole % AL-1 with a gradient, the majority of the 
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Increased surface charge of the liposomes, and therefore, AL-1, was very 
quickly lost from the outer monolayer. After four minutes, the fluorescence 
was equal to thcr of the EPC/Cho! liposomes, indicating that virtually all of the 
AL-1 had moved to the inner monolayer. The rapid movement of the AL-1 
5 across the bilayer is advantageous for its use In controlling fusion. Similar 
behavior was observed for AL-2 - AL-6 (see Figure 9). 



it) Example 3 

Determination of ionizable Lipid dK q's 

To determine the pH at which AL-1 In liposomal membranes loses its 
charge, LUVs containing 0 and 10 mole % AL-1 and EPC/Chol (55:45) were 
prepared in 5 mM HE PES, 5 mM ammonium acetate at pH 4.0. Preparations 
were diiuted to 0.25 mM total lipid in 5 mM HEPES, 5 mM ammonium, 2 nM TNS 
at pHs ranging from 3.0 to 10.0 The pH across the vesicle membranes was 
rendered equoi by adding nigencin to a final concentration of 0.01 jiM. The 
TNS fluorescence at each pH value was determined under the conditions 
given above. 

Results are presented in Figure 2, which shows TNS fluorescence at 
various pH values in the absence of a pH gradient. The data clearly 
25 indicates a pK a of 6.7 for the conjugate acid of AL-1 . A comparison of results 
derived from similar pH titration curves for the synthetic aminolipids AL-2 - AL-6 
is given in Table 1 (see below). The effects of chemical structure on the acid- 
base characteristics of the amines when incorporated into liposomes are 
manifested as changes in the pK 0 values observed, and in the frcction of 
30 aminoiipid species remaining charged at pH 7.5. These changes can stem 
from the depth of penetration of the amine headcroup into the lipid bilayer, 
as influenced by the relative hydrocarbon chain length and the polorlty of 
the headgroup. Compound AL-2, having only c single oleoyl chain end an 
unsubstltuted hydroxy group, has a pK a of about 7.57. Esterification of the 
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hydroxyl ct the 2 position wiih acetate, to give AL-3, reduces the pK a to 6.79. 
and the fraction of neutral species' ct pH 7.5 is 16%, compared with 11% for 
AL-1. The remaining compounds, AL-4 AL-5 and AL-6, also have sufficient 
hydrocarbon content to have pK a 's and relative charges at pH 7.5. which 
5 approach these for AL-1 . 

TABLE 1 

Apparent Acid Dissociation Constants (pK a ) 
and Percent of Charged Species at pH 7.5 for Amlnollpids AL-1 - AL-6* 

o 

Amlnollpid Apparent pKq % Charged at pH 7.5 



AL-1 


6.58 


11 


AL-2 


7.57 


54 


AL-3 


6.79 


16 


AL-4 


6.66 


13 


AL-5 


6.73 


14 


AL-6 


6.81 


17 



'The data were derived from TIMS fluorescence titrations. 
Curves for each aminolipid were fitted to the Henderson- 
Hasselbach equation by iteratively varying pK n and maximum 
and minimum fluorescence. 
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Example 4 



Lipid-Mixi ng Fusion As^ qy 



10 



15 



20 



25 



Fusion was monitored by the decrease in resonance energy transfer 
(RET) resulting from fluorescent probe dilution, as described by Struck et a!. 
(1981). LUVs were prepared by 0 and 10 mole % AL-1 in EPC/Chol (55-45) and 
• EPC/DOPE/Chol (30:25:45) In 300 mM citrate P H 4.0. The external buffer was 
20 mM HEPES (150 mM NaCl pH 7.5). liposomes containing 0.7 mole % of 
both NDB-PE and Rh-PE for each lipid composition, at each of the AL-1 
concentrations, were also prepared. Labeled and unlabeled liposomes were 
rmxed in a 1:3 ratio, and diluted to 0.2 mM total lipid. External buffer wa< 
exchanged for 300 mM sucrose. 1 mM citrate. P H 4.Q. on Sephcdex G-25 
columns before diluting preparations to 1 0 mM lipid. For fusion assays. 20 pi of 
fluorescently labeled liposomes, and 60 ui unlabeled liposomes, were added 
to 3.92 ml of 20 mM HEPES. 150 mM NaCL pH 7.5. After 5 min. of incubation at 
room temperature, a 3 ml aliquot was added to a cuvette, and the 
fluorescence was monitored over 5 minutes. Excitation and emission 
wavelengths were 465 and 535 nm. respectively, and an emission 530 nm 
cutoff filter was used. To dissipate the gradient and induce fusion 
ammonium acetate was added to a final concentration of 100 mM at 30 
seconds. The percent change in fluorescence (% F/ F max ) was determined 
by assigning zero fluorescence (F 0 ) to a trace with no ammonium acetate 
added and F mox to a trace measured after adding 100 ul of 25 mM Triton X- 
100. so that: 



% ( F/ Fmax) = 100 x ((F-Fn)/(F ma!c -Fn)) 



3u To study the effects of varying the AL-1 concentration (0-20 mole %) on 

the fusion liposomes comprising EPC/Chol (55:45) were prepared, with, and 
wrthout. 0.5 mole % each of NBD-PE and Rh-PE. using an internal P H 4 0 300 
mM sodium citrofe buffer, ar.d an external 20 mM HEPES buffer (150 mM 
Nad. P H 7.5). The labeled and unlabeled liposomes were mixed in a 1 3 ratio 
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and diluted to 0.20 mM total lipid. The pH gradient was dissipated by the 
addition of ammonium acetate to a final concentration of 100 mM- at 30 
seconds. 

5 To study the effects of varying the DOPE concentration on the fusion 

rates of AL-1 -containing liposomes. LUVs were prepared with 
EPC/DOPE/Chol 55-X:X-45, X = 0, 5. 10, 15. 20), 10 mole percent AL-1. with or 
without 0.5 mole % each of NBD-PE and RtvPE, an Internal pH 4.0, 300 mM 
sodium citrate buffer, and an external 20 mM HEPES buffer (150 mM NaCI. pH 

10 7.5). 

To study the effect of aminoiipid structure on the fusion of 
EPC/Chol/DOPE liposomes (35:20:45) liposomes were prepared with 5 moie % 
of the indicated aminoiipid (AL-l-AL-6), an internal pH 4.0, 300 mM sodium 
15 citrate buffer, and an external 20 mM HEPES buffer (150 mM NaCI, pH 7.5). 
Fusion assays were carried out as described above. 

Results are presented in Figures 3, 4. 6, 7 and 9. The pH gradient across 
the membranes of liposomes with acidic interiors can be dissipated by 

20 ionophores. such as nigericin, cr by the addition of ammonium ions which 
can cross the membrane In 1he form of neutral ammonia to raise the internal 
pH. For LUVs in which AL-1 is exclusively on the inner monolayer, loss of the pH 
gradient would be expected to give redistribution of the AL-1 between the 
monolayers. Under conditions where AL-1 is deprotonated and bilayer- 

25 unstable, liposomal fusion can occur. 

Membrane fusion was monitored by a loss in RET between the 
fluorescently labeled lipids NBD-PE and Rh-PE. When liposomes containing 
both of these labels fuse with unlabeled liposomes, the resulting dilution of the 
30 fluorescent probes gives increased fluorescence for NBD-PE. Appreciable 
exchange of these labeled lipids between liposomes does not appear to 
occur even in aggregated systems, and fluorescence Increases oniy upon 
mixing of membrane lipids. 
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The use of the fluorescent probe dilution ossoy to demonstrate fusion in 
LUVs containing 10 mole % AM is depicted in Figures 3 and 4. Unlabeled 
and labeled liposomes (3:1) comprising EPC/Chol (55:45) with no AL-1 
showed no increase In fluorescence upon dissipation of the pH gradient. A 
small decrease In fluorescence was observed due to the addition- of the 
ammonium solution. Similar liposomes containing 10 and 20 mole % AL-1 
gave a- rapid Increase In fluorescence which leveled out quickly at a value 
cf AF/AF max near 3%. This represents only a limited amount of the total 
possible lipid miring which for 3:1 mixtures of unlabeled and labeled 
liposomes should give a AFMF max of 80%. as determined by preparing 
liposomes with the fluorescent labels at one quarter of the normal 
concentration (0.18 mole %). The low fluorescence Increase observed 
indicates that, while AL-1 can induce pH gradient-controlled fusion in 
EPC/Chol liposomes, its ability to do so is limited. For AL-! concentration* 
greater than about 20 mole %. in EPC/Chol liposomes, rapid and complete 
liposome aggregation was observed following extrusion. 



The fusogenic nature of EPC/Chol liposomes can be increased bv 
including dioleoyl phosphctidylethanolamlhe (DOPE) In the lipid Mayer' 
20 Figure 3 shows fluorescent traces demonstrating the effect of 1 0 mole % AL-1 
on the fusion of EPC/DOPE/Chol (30:25:45). Without the aminolipid, there was 
very little evidence of fusion when the pH gradient was dissipated by 
ammonium acetate. When AL-1 was Included, however. AF/AF mcx 
increased to nearly 10% over 5 minutes and continued to rise over 15 minutes 
This result demonstrates the usefulness of AL-1 in controlled fusion and 
illustrates the importance of lipid composition to the extent of fusion 
observed. Results of fusion assays for EPC/DOPE/Chol liposomes containing 
10 mole % AL-1. where increasing levels of DOPE replace EPC. are shown in 
Figure 6. Increasing fusion rates were evident with increasing DOP= 
concentrations up to lipid ratios of 35:20:45 (EPC/DOPE/Chol, mole/mole) 
This formulation gave a AFMF max of greater than 5% after 5 minutes 
However, at this level of DOPE, some aggregation of liposomes was observed 
at low pH. Higher DOPE levels gave rapid aggregation. 



30 
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The best rates of fusion observed when the AL-1 concentration v/as 
reduced to about 5 mole % in £PC/DOPE/Chol (35:20:45) liposomes ere 
shown in Figure 7. At pH 4.0 with this formulation, stable liposomes were 
prepared and these remained stable when the external pH was increased to 
.5 7.5. Dissipation of the pH gradient results in a necrly linear increase in aF/a 
F max over the fi rsr 5 minutes to a value greater than 10%. Although the rate 
of fusion decreased with time, fusion continued for the duration of the 15- 
minute assay. 

io A comparison of the fusogenic capacity of the amlnollplds AL-1 - AL-6 

was made by assaying for fusion with liposomes containing 5 molo % of each 
cminollpld In EPC/DOPE/Chol liposomes (35:20:45). Results are shown in 
Figure 9 AL-2, which has single oleoy! chain, gives little Increase In liposome 
fusion in comparison with liposomes not containing aminolipid. ft is believed 

15 that the lack of fusogenic activity may result from the relative high pK a of AL- 
2 in such biiayers. end from the relatively smell area in the biiayer occupied 
by the single acyi chain of AL-2. Without intending in any way to be limited 
by theory, It Is believed that biiayer demobilization, * and hence, fusion, 
requires a substantial imbalance between the size of the headgroup of the 

20 fusogenic lipid and the size of area occupied by Its acyl chains. Liposomes 
containing AL-3 exhibit a substantially greater fusion rate, and lengthening 
AL-3's second chain to butyryl (AL-4) or deconoyl (AL-%) gives further 
increases in the fusion rate, with rates approaching those achieved with AL-1- 
contalnlng liposomes. Incorporation of compound AL-6 with two decanoyl 

25 chains Into liposomes gave only limited mixing, despite its comparatively low 
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Example § / 

2H-NMR Spectroscopy 

Freeze-thawed MLVs of 10 mole % AL-l-d 4 in EPC/Chol (55:45) were 
prepared os described above In 100 mM ammonium acetate at pH 4.0 and 
PH 7.5 In deuterium-depleted water. Sample concentrations were 
approximately 150 mM total lipid. Broad line quadrupole spectra were 
recorded on a Bruker MSL200 spectrometer at 30.7 MHz, using a spin-echo 
sequence with a 5.3 us 90- pulse and a 200 ms repeat delay. Temperature 
was maintained at 20=C with a liquid nitrogen flow system. The free Induction 
decay (FID) signal was accumulated overnight (approximately 280.000 
scans) for the sample at pH 4.0. while comparable signal-to-nolse with the pH 
7.0 sample was achieved with approximately 770 scans. FIDs were 
transformed using 100 Hz line-broadening. 



Example 6 



20 



25 



30 



-fcbblMB.orid 31P-NMR Srai-w-npy 

Freeze-thawed MLVs containing 5 mole percent AL-l-d 4 In EPC/Chol 
(55:45) were prepared in 20 mM HEPES, 20 mM ammonium acetate. 150 mM 
NaCl, pH 4,0 and pH 7.5, using deuterium-depleted water. Sampl* 
concentrations were approximately 200 mM total lipid. 2 H . N MR breadline 
spectra were recorded at 46. 1 75 MHz. on a home-built 300 MHz spectrometer 
using c 5 »s 90° pulse. 50 us interpulse spacing. 30.5 M s ring-down delay, and 
a 300 ms repetition time. A quadrupole echo sequence with eight-step 
phase cycling was used to accumulate 200,000 scans. Tne resulting free 
induction decay (FID) was Transformed with 100 Hz line-broadening High- 
resolution 31 P spectra werQ recorded Qt 8] MHz Qn q Bfuker m5[2oq 

spectrometer, using a 2.8us pulse and 30 s repeat. Temoerature was 
mantained at 23 degrees Celsius with a liquid nitrogen flow system. The FID 
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was accumulated over 1000 scans, and transformed' with 50 Hz line- 
broadening. 



10 



NMR spectroscopy results ore presented In Figures 5 and 8. The limited 
degree of fusion observed with AL-1 in EPC/Chol (55:45) liposomes indi-at°d 
that, although the deprotonatec form of the aminolipid was not stable in the 
b.layer, this instability did not confer a permanent non-bilayer structure to the 
Hpia membrane. This may have been a result of the limited solubility of the 
neutrol amine In the bilayer. Separate crystalline or fluid domains of AL-1 may 
form before exrensive fusion ccn occur. 



The phase behavior of AL-1 was investigated by Ihe synlhesis of a 
aeuterium chaln-iabeled analog. AL-l-d 4 . which was Incorporated Into MLVs 
at a concentration of 10 m0 le % EPC/Chol (55:45). The use of MLVs in this 

15 experiment avoids the rapid tumbling of LUVs on the NMR time scale in 
F-gure 4 the 2 H ^ M R spectrum at P H 4.0, hows quadrupolar splittings for the 
cna,n-labelec positions of AL-l-d 4 . with the expected magnitude for lipid in 
The biiayer. At P H 7.5. the bilayer signal Is no ,cnger present, and a strona 
«orroplo peck appears in the middle of the spectrum. This is strong evidence 

-n that AL-1 exists in separate fluid domains at pH 7.5. The limited degree of 
fus.on observed upon neutralization and redistribution of AL-1 is likely to be a 
result of the formation of these domains. 

The 2 H spectrum at pH 4.0 in Figure 8A shows quadrupoicr deuterium 
» spttt.no, in the range expected for oleoy, chains on a lipid incorporated Into 
c . ipd bilayer. In the sample prepared at P H 7.5, the bilayer persist, aithough 
there ,s a cecrease in quadrupolar splittings, which may correlate with less 
Mayer order. In cddtnon. there is c distinct signal w*h a splitting of about 12 

™ 1 ,S beiieVed f ° QrlSe frCm thS pcrtion of the cml ™»P<c' which b in 

30 The H„ phase. The appearance of this signal is therefore consistent with 
aestabilizafion of the bilayer leading to membrane fusion. 

The accompanying changes in the phase behaviors of the 
Phospholipids EPC and DOPE are evident in the 31 P - N MR spectra shown In 
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Figure BB. A typical bilayer signal, with an upfield pea* and a downfield 
shoulder, was observed for the pH 4.0 preparation. For the pH 7 5 
preparation, the downfield signal Is reduced slightly, and an H„ signal Is seen 
as a more Intense downfield shoulder. 
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Freeze-Fr ncture Electron Microsco p y 

LUVs consisting of 10 mole % in either EPC/Chol (55-45) or 
EPC/DOPE/Chol (30:25:45) were prepared as above in 300 mM sodium citrate 
at P H 4.0 with a total lipid concentration of 150 mM. External buffer wa< 
exchanged for 1 mM citrate. 300 mM sucrose. pH 4.0. on Sephadex G-25 
columns. To 200 pi of each preparation was added 50 m of 500 mM 
ammonium acetate. pH 7.5. Samples were maintained at room temperature 
for 30 minutes before preparing platinum/carbon replicas (see Fisher and 
Branton (1974)). 



20 
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Rreeze-Frocture FlPotrop Microscopy 

LUVs consisting of 5 mole % in EPC/DOPE/Chol (30:25:45) liposomes 
were prepared cs above In 300 mM sodium citrate at pH 4.0 with a total lipid 
concentration of 100 mM. External buffer was exchanged for 1 mM citrate 
300 mM sucrose. pH 4.0. on Sephadex G-25 columns before diluting the 
preparations to approximately 10 mM lipid with 20 mM HEPES 150 mM NaCI 
PH 7-5. After removal of a control sample, the pH gradient was dissipated by 
add,t,cn or 3 mM ammonium acetate. pH 7.5, to a final concentration of 100 
mM. Platinum/carbon replicas were prepared (see Fisher and Branton 
(1974)) for samples at 4. 15 and 30 minutes after dissipation of the gradient, as 
well as for a control with the pH gradient present. 
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What is claimed is: 

1 . A liposome composition comprising: 

(a) a liposome having: 

(i) cn outermost lipid bilayer which comprises a neutral, 
bilayer-preferring lipid and a fusion-promoting effective amount 
of an ionizable lipid comprising an unsaturated acyi chain and a 
protonatabte carionic heodgroup; 

00 a compartment adjacent to the outermost lipid bilayer 
which comprises an aqueous solution having a first pH; and 

(b) an aqueous solution external tc the liposome having a second 
pH, 

wherein the first pH Is less than the pKa of the ionizable lipid In the 
outermost lipid bilayer and the second pH is greater than the pKa of 
the ionizable lipid in the outermost lipid bilayer, 

whereby there is a pH gradient across the outermost lipid bilayer. and 

whereby the ionizable lipid is accumulated In the inner monolayer of 
the outermost lipid biiayer. 

The liposome composition of claim 1, wherein the liposome is a 
unilamellar liposome. 

The liposome composition of claim 2. wherein the unilamellar liposome 
is a large unilamellar liposome. 

The liposome composition of claim 1, wherein The liposome is a 
multilamellar liposome. 
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5. 



The liposome composition of claim A. wherein the murfflcmellar 
liposome comprises a solute entrapped In Its aqueous compartments 
and wherein the concentration, of the solute in each of the aqueous 
compartments is substantially equal. 

The liposome composition of claim 1. wherein the aqueous solution 
having the first pH is an aqueous buffer. 

The liposome composition of claim 6. wherein the aqueous buffer hos a 
pH of about 4,0. 



8. The liposome composition of claim 7. 
citrate buffer. 



wherein the aqueous buffer is a 



15 9. 



20- 10. 
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13. 



The liposome composition of claim 1. wherein the fusiorvoromoting 
effective amount of the lonlzable lipid Is an amount sufficient to 
establish a concentration of the ionlzable lipid In the outermost lipid 
Mayer of from about 1 mole percent to about 20 mole percent. 

The liposome composition of claim 9. wherein the fusion-promoting 
effective amount of the lonizable lipid is an amount sufficient to 
establish a concentration of the ionizable lipid In the outermost lipid 
Mayer of from about 5 mole percent to about 1 0 mole percent. 

The liposome composition of claim 1. wherein the unsaturated acyl 
chain Is an oleic acid chain. 

The liposome composition of claim 1. wherein the cationic headgroup 
Is an amino group. 

The liposome composition of claim 12, wherein the ionizable lipid is 
selected from the group consisting of 1-N.N-dimettiylamino dioleoyl 
propane (AL-1). j^ieoyl- 2-hydroxy-3-N.N-dimethylamlno propane (AL- 
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14. 



2), asymmetric ±-1.2-d:acyl- mN-dimethylamino propane (AL-3-AL-5) 
and ±-1.2-didecanoyl -l-N,N,<ilmethytami n o propane (AL-6). 

The liposome composition of claim 13. wherein the ionizable lipid l-N.N- 
dlm9thylamino dioleoyl propane (Al-1), 



15. The liposome composition of claim 1, wherein the liposome further 
comprises a neutral nonbilayer-preferring lipid. - 

io 16. The liposome composition of claim 15. wherein the neutral nonbilayer- 
preferring lipid Is dioleoyl phosphatidylethanolamine. 

17. The composition of claim 1, wherein the liposome comprises a 
biologically active agent 



15 



18. The liposome composition of claim 17. wherein the biologically active 
agent ,s a nucleic acid, an antimicrobial agent, an anticancer agent 
or an anti-Inflammatory agent. 

2<» 19. The liposome composition of claim 1. wherein the external aqueous 
solution is a pharmaceutical^ acceptable aqueous solution. 



20. 
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A dehydrated liposome having an outermost lipid bilayer comprising a 
neutral Mayer-preferring lipid and a fusion-promoting effective amount 
or an ionizable lipid having a protonafable. cationic headgroup and 
an unsaturated acyl chain, wherein the lonfeabie lipid is accumulated 
in tne inner monolayer of the outermost lipid bilayer. 

A method of controlling the fusion of a liposome to a second lipid 
bilayer which comprises: 

(a) preparing the liposome in an aqueous solution, wherein: 
(0 the liposome comprises: 

(D cn outermost lipid bilayer comprising a neutral 
bilayer-preferring lipid and c fusion-promoting effective 
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amount of an ionlzable lipid having c protonatable. 
canonic headgroup and an unsaturated acyl chcin; and 

(2) a comportment adjacent to the outermost lipid 
bilayer comprising the aqueous solution; and 

00 the pH of the aqueous solution is less than the pK a of the 
ionizable lipid In the outermost lipid bilayer; 

(b) increasing the P H of the aqueous medium external to the 
liposome above the pK a of the Ionizable lipid in the outermost lipid 
bilayer, whereby there is a pH gradient across the outermost lipid 
bilayer and whereby the ionizable lipid is accumulated in the inner 
monolayer of the outermost lipid bilayer; and 

15 

(c) degrading the pH gradient when fusion of the liposome to the 
second lipid bilayer is to occur so that the liposome fuses to the second 
lipid bilayer, 

20 22. The method of claim 21, wherein the liposome comprises a biologically 
active agent. 

23. The method of ciaim 21. wherein the second lipid bilayer is the plasma 
membrane of a cell. 



25 
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24. The method of claim 23. wherein the ceil is a mammalian cell. 

25. A method of introducing a biologically actfve agent into a cell which 
comprises: 

. W preparing the liposome In an aqueous solution, wherein: 
0) the liposome comprises: 

(1 )the biologically active agent; 
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(2) an outermost lipid biloyer comprising a neutraf bilayer- 
preferring lipid and a fusiorvpromoting effective amount 
of an ionfcabie lipid having a profonatable. carionic 
headgroup and an unsaturated acyl chain; and 

(3) a compartment adjacent to the liposome which 
comprises the aqueous solution; and 

00 the pH of the aqueous solution is less than the P K a of the 
ionizable lipid in the outermost lipid bilayer; 

(b) increasing the pH of the external aqueous solution above the 
pK a of the ionizable lipid in the outermost lipid bilayer, whereby there is 
a P H gradient across the outermost lipid bilayer and whereby the 
•onizable lipid is accumulated in the inner .monolayer of the outermost 
lipid bilayer; 



20 



(c) degrading the pH gradient when fusion of the liposome to the 
cell is to occur; 

(CO contacting the cell with the liposome so thct the liposome fuses 
wrth tne ceil, whereby the biologically active agent Is Introduced into 

the cell. 
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